ultimately improve, the performances of OSCs, such working principles and the cell characteristics must be understood in a precise and detailed manner.
So far, there are many models that can be used to describe the photogeneration mechanisms of the device. These models were developed initially for inorganic materials and subsequently extended to the organic materials. Among them, the Sokel model is the most suitable to reproduce the cell photocurrent [6] .
In order to properly describe the specific mechanisms of organic materials, it is necessary to develop new models and new measurement techniques. Some works have been done to describe both the photocurrent and the cell impedance as a function of the frequency [7] [8] [9] [10] [11] [12] [13] [14] .
Recently, a new measurement technique has been proposed to describe the recombination mechanisms inside the active layer [15] , [16] . It is based on the measurement of the open-circuit voltage (V OC ) decay transient of an OSC after a short period of illumination. Although it was initially developed for dyesensitized solar cells, we extended this technique also to OSCs [16] . In [16] , we also developed a new model to extrapolate information about the carrier lifetime or about the recombination mechanisms by fitting the open-circuit voltage decay (OCVD). Moreover, that model permits to easily extrapolate the energy gap of the active layer by simple electrical measurements, with no invasive or destructive techniques.
In this paper, we used the OCVD model to analyze the voltage decay of OSCs based on four different donor polymers. We also correlated the information extracted using the model with the conventional figures of merit that are usually considered to characterize the performances of a solar cell [fill factor (FF), efficiency, etc.]. Putting together the information from conventional measurements and OCVD model, we gain deep understanding of the origin of performance loss of OSC.
II. EXPERIMENTAL AND DEVICES
We fabricated and characterized conventional bulk heterojunction OSCs, with the structure shown in Fig. 1 . We used four donor polymers. Three of them have been recently published, featuring a band gap wider than 1.7 eV: HBG1 [17] , PFQBDT-TR 1 [18] , P(1)-PFQ2T-BDT [19] . In the following, we will refer to these polymers as P1, P2, and P3, respectively, as reported in Table I. 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I POLYMERS NAME

Polymer name
Abbreviation
The fourth donor material is the standard P3HT [Poly(3-hexylthiophene-2,5-diyl)], which was used as a reference. Each polymer was opportunely blended with PC 61 BM to form the active layer of the solar cells.
Patterned indium thin oxide (ITO)-coated glasses (10 Ω/sq) were cleaned in sequential sonicating baths in deionized water, acetone, and isopropanol. After the final sonication step, the substrates were dried and then placed in an oxygen plasma chamber for 5 min. Next, a thin layer (50 nm) of PEDOT:PSS [Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), Clevios P VP A1 4083, H. C. Starck [20] ] was deposited on the ITO surface (by blade-coating in air) and subsequently annealed at 150°C for 15 min. The active layers were deposited by blade coating in air, starting from optimized blends dissolved in orthodichlorobenzene. The processing conditions of each active layer were optimized in terms of D:A ratio, thickness, deposition temperature and speed, annealing, etc. After this step, the films were transferred inside a metal evaporator for the deposition of the top electrode: LiF (0.6 nm) and Al (100 nm). Finally, all devices were encapsulated inside a glove box in oxygen-and moisturefree environment.
From now on, we will refer to each device with the name of its relative donor polymer (i.e., P3HT, P1, P2, and P3).
We analyzed the encapsulated samples by means of external quantum efficiency (EQE), current density-voltage (J-V) and OCVD measurements.
The EQE measurements have been done using the Bentham PVE300 Photovoltaics Characterization tool [21] .
The J-V measurements were performed in dark and light conditions.
The OCVD measurement consists of two phases. During the first part, we held the device in open-circuit condition under 1-Sun illumination for 5 s. At the beginning of the second phase, we switched OFF the light, while keeping the cell in open-circuit condition. Due to the carrier recombination, the voltage produced by the cell decreases from the steady-state open-circuit voltage to 0 V (equilibrium). We monitored the decay for 1 s, which is long enough for the transient extinction.
The OCVD technique needs a fast light switching-off (i.e., faster than the sampling time, which is 5 μs in our measurements). Thus, we needed to illuminate the cell with a white LED instead of a standard solar simulator, which does not turn-OFF fast enough. To take into account the different spectrum of the white LED with respect to a solar simulator, we calibrated the LED luminous intensity to achieve the same short-circuit current calculated from the EQE measurements under 1-Sun illumination. In a previous work, we verified that the white LED can be successfully employed to characterize the dyesensitized solar cells instead of a standard solar simulator [22] . This is also true for polymeric solar cells. In fact, we verified the cell photocurrent-voltage characteristic obtained using the solar simulator is the same measured using the white LED illuminator after calibration.
The J-V and OCVD measurements were performed by means of a custom acquisition board, which permitted to simultaneously control the LED switching and the voltage sampling. Furthermore, the board permitted to use a logarithmic sampling time spacing, in order to combine 1) a fast sampling at the beginning of the transient (i.e., when the voltage decay is fast) and 2) a larger sampling time during the final part of the transient (i.e., when the voltage decay is slower). In this way, we could monitor a long transient limiting the number of samples without loss of data in the first part of the decay.
We repeated each characterization at different temperatures, from -15°C to 35°C and we analyzed the data by means of the OCVD model [16] . For each polymer, we analyzed a total of six samples.
III. VOLTAGE DECAY MODEL OVERVIEW
In this section, we provide a short overview of the OCVD model, highlighting the most important concepts. The reader is referred to [16] for further details.
During the first part of the OCVD, the cell is illuminated and it absorbs photons. The photogeneration process is depicted in Fig. 2(a) . During illumination, excitons are generated inside the active layer (1) in the donor or in the acceptor material. After the generation, the excitons located in proximity of the acceptor/donor interface dissociate into polaron pairs (2) with a rate G [see Fig. 2(b) ]. The electron is now placed in the acceptor phase, and the hole is placed in the donor polymer. The polaron pairs can recombine at a rate k REC or can be separated at a rate k SEP by the electric field (3). This process generates free charges with a rate G np = G · P SEP , where
is the polaron pair separation probability. The whole process is described in detail by the Braun-Onsager model [7] , [8] and it is summarized in Appendix A. Even though other models have been proposed (see [14] and references cited therein) for the separation probability dependence on the electric field, in this paper, we used the Braun-Onsager theory for the sake of simplicity.
In Fig. 2 (b), we represent a schematic picture of the recombination and separation mechanisms of polaron pairs, based on the Braun-Onsager theory, but with the addition of a further contribution to include the trap-assisted recombination, as will be described in the following. X is the polaron pair concentration, n and p are the free electrons and hole concentrations, respectively. Free charges may return to a polaron state condition when holes recombine with electrons [23] . In the Braun-Onsager model, it is assumed that this process is the bimolecular recombination and it is described by a rate R L . It depends on the Langevin recombination constant γ, on n and p, and on the intrinsic carrier concentration n i , shown in the following:
(
The trap-assisted recombination introduced in our model, occurs with a rate R SRH , which is described by the ShockleyRead-Hall model [24] . The rate R SRH depends on n, p, n i , and on the lifetime constant of electrons (τ n ) and holes (τ p ) before they are captured by a recombination center, shown in the following:
During the second phase of the OCVD, the cell voltage decreases. The device being held floating throughout all the measurement, we supposed that carriers are confined inside the active layer and that they can be removed only by recombination. Thus, we assumed the concentration of n, p, and X constant inside the entire active layer. Even though this is only an approximation, this allowed us to keep the model as simple as possible. In particular, this permitted to remove the spatial dependence of the concentrations and to avoid the use of partial differential equations. Consequently, the equation that describe the variations of n, p, and X can be expressed only as a function of time t as follows:
Equation (3) was numerically solved for X(t), n(t), and p(t) by using a fifth-order Runge-Kutta algorithm [25] .
Once n(t), p(t), and X(t) are known, we need to calculate the corresponding V OC (t) to fit the data. To do this, we need to take into account that each polaron pair consists of an electron in the lowest unoccupied molecular orbital (LUMO) of the acceptor and a hole in the highest occupied molecular orbital (HOMO) of the donor. In principle, there is no difference between a free electron and an electron belonging to a bounded polaron pair, because in both cases they reside in the same band. The only difference is that the electron in the polaron pairs is bounded to a hole. Thus, the V OC depends also on the polaron pair concentration X, shown as follows:
Here, V T = kT /q represents the thermal potential. In our model, we assumed that G vanishes in a few nanoseconds (i.e., as soon as the light is switched OFF). In a previous work [16] , we have already investigated deeply the role of the polaron pairs concentration and doping inside the active layer during the decay. Considering the shape of the V OC curves plotted in this paper and from the observation made in [16] , we concluded that 1) the polaron pair concentration X vanishes in 1 μs or less and 2) the V OC decay is not affected by the presence of doping inside the active layer. For this reasons, we neglected X in (4) and we assumed that the concentration of holes and electrons is the same during all the decay (n(t) = p(t)).
In these conditions, the expressions (1) and (2) simplify into the following:
where τ = (τ n + τ p )/2 is the average carrier lifetime. The model highlights that the second part of the OCVD can be divided into two phases, based on the carrier concentration.
During the first phase, the carrier concentration is high and the dominant recombination mechanism is bimolecular (thus R L >> R SRH ). Thus, the second equation in (3) simplifies into the following:
Analytically solving (7) for the electron carrier concentration, we can express the decay of the electrons as a function of time as follows:
where G np represents the steady-state carrier generation rate during the illumination phase. Remarkably, P SEP depends on the electric field, which changes during the decay. However, we calculated from the J-V that in our samples P SEP changes by less than 12% in the operative range (see Appendix B). For this reason, we assumed P SEP equal to that at open-circuit conditions, neglecting the electric field dependence of k SEP . During this phase, it is possible to determine γ and n i using the fitting procedure described in Appendix B. When the carrier concentration decreases under the threshold value 1/2γτ , the trap-assisted recombination dominates (R SRH >> R L ) [16] . The expression for the carrier concentration decay is now approximated by an exponential function, which is the solution of the second equation in (3) with R L = 0, shown as follows:
From this phase of the OCVD, it is possible to calculate τ . Noticeably, fitting the OCVD performed at different temperatures, from (7) it is possible to determine the temperature dependence of n i . This permits to extrapolate the energy gap Eg of the blend of the two materials [26] . Table II summarizes the figures of merit of the cells. J SC and V OC are both larger in P1, P2, and P3 with respect to P3HT. The efficiencies η show that P1, P2, and P3 have better performance than P3HT, and this is mostly related to the smaller V OC of P3HT. On the contrary, P3HT features the best FF.
IV. RESULTS AND DISCUSSIONS
In Fig. 3 , we show the EQE for each device as a function of the photon wavelength. P1, P2, and P3 feature the widest absorption spectra, which range from 300 nm to approximately 720 nm, with only marginal variations among the three polymers. In turn, P3HT has the narrowest absorption interval, which ranges from 300 to 660 nm, explaining its smaller short-circuit current. 4 shows the photocurrent densities J PH (i.e., the difference between the current measured in light and in dark) of the four devices. Under strong reverse bias, P3 shows the highest photocurrent among the four devices, while P3HT, under the same conditions, generates the lowest current.
The photocurrent under strong reverse bias depends on G and on P SEP . If P SEP were 100%, according to the ideal Sokel model [6] , the photocurrent should be almost constant in reverse bias conditions. Fig. 4 shows that P3 has a stronger dependence on the electric field with respect to the devices P1, P2, and P3HT, indicating the smaller separation probability of P3.
From the photocurrent in the reverse bias condition, we calculated the generation G and the separation probability P SEP , as reported in [27] . In Fig. 5(a) , we show a comparison between the P SEP of the four samples (calculated at 25°C and V = V OC ). Moreover, in the histogram of Fig. 5(b) , we show the values of G and the product G np = G · P SEP , calculated for each device at 25°C.
The highest values of G np are associated to P1, P2, and P3 and they are very close to each other. In fact, G np ∼ = 1. for P3HT. Clearly, the low P SEP of P3 is well compensated by the larger polaron pair generation G, which is the highest among all the devices. This difference in G np is partially correlated to the narrower absorption spectrum of P3. Remarkably, despite G np is almost the same for P1, P2, and P3, P3 has a lower efficiency (4.1%) than P1 and P2 (4.9% and 5.1%, respectively). This is related to the nonideal photocurrent shape, which reduces its FF (see Table II ).
By using only these parameters, it would not be possible to determine the cause behind the different performance of the four devices, in particular among P1, P2, and P3. In order to do this, it is necessary to consider the OCVD measurements and the results of the model applied to OCVDs. In fact, the proposed model is able to provide information about the recombination mechanisms inside the active layer. As it will be discussed in the following, this permits to understand the reasons of the reduced performance of P3 in comparison to P1 and P2.
In Fig. 6 , we show the OCVD measurements performed on P3HT at different temperatures. The symbols represent the experimental data, while the solid lines are the fit obtained with the model that almost perfectly overlaps the experimental data. Fig. 7 compares the OCVD of P1, P2, P3, and P3HT at 25°C. During the first part of the decay, all the polymers have similar behavior. In the second part, some differences arise. In particular, P3 shows a steeper decay if compared with the other.
The parameters extraction from OCVD was done by an automatic fit procedure that uses the least squares regression to obtain the following.
1) The Langevin recombination coefficient γ and the intrinsic concentration n i from the first part of the OCVD. 2) The carrier lifetime τ from the second part of the OCVD. See Appendix B for details on the fit procedure. The values are listed for each polymer in Table III . γ has a big impact on the device behavior when the concentration of the photogenerated charges is high. On the contrary, τ is related to the V OC decay when the concentration becomes low. A low value of τ causes a faster decrease in the final part of the OCVD. In an organic semiconductor, this may be related to the high number of trapped carriers, which may act as trapping centers for the opposite carriers.
Model and experimental data indicate that, if the temperature decreases, τ decreases (see inset in Fig. 6 ) and the V OC decay becomes faster. Because in an organic semiconductor most of the carriers reside in tail state or deep gap states, this behavior might be explained assuming that with the increasing temperature, part of the carriers are detrapped. This translates into a reduction of the trapped carriers and, in turn, of the number of trapping centers for the opposite carriers.
Comparing the three similar polymers P1, P2, and P3, we relate the smaller efficiency and FF of P3 to the larger recombination rate. P3 is indeed characterized by the highest γ among all the devices, leading to a larger recombination rate of the generated charges with a subsequent reduction of the efficiency.
The values reported in Table III show that P3, which has an efficiency smaller than P1 and P2, is also characterized by the lowest carrier lifetime τ . This is indeed responsible for the fast OCVD decay (see Fig. 7 ). Incidentally, P3 is also the device with the lowest separation probability. This might suggest that the origin of the small P SEP and of the small τ may be the same. In fact, the same defects may act as recombination centers for the polaron pairs (increasing k REC ) as well as for the free carriers (increasing the SRH recombination rate). In addition, the defects may act as scattering centers that reduce the mobility and, in turn, reduce k SEP . In both cases, they could lead to a more difficult separation: Thus, it is reasonable that, if τ decreases, P SEP also decreases. A low P SEP has the effect of further reducing the FF, modifying the shape of the photocurrent near V OC [11] .
From the OCVD measurement at different temperatures, we obtain the values of the intrinsic carrier concentration n i , represented in the Arrhenius plot of Fig. 8 . Clearly, the intrinsic carrier concentration exponentially increases as the temperature increases. Furthermore, the decrease of V OC value with the increasing temperature observed at the beginning of the OCVD transient in Fig. 6 is mostly due to the increase of the intrinsic carrier concentration shown in Fig. 8, in agreement with (4) .
From n i we calculated the equivalent energy gap of the blend E g for each device and they are listed in Table III . In Fig. 9 , we show the correlation plot between E g and the experimental values of V OC . Assuming an ohmic contact between the organic layer and both the electrodes, we expect that the Fermi level of the cathode is very close to the LUMO level of acceptor and the Fermi level of the anode is very close the HOMO level of the donor. Thus, there should be a linear dependence of V OC from E g . In Fig. 9 we plotted the straight line with slope 1, described by the following:
This line almost approximates the extrapolated data. Following this interpretation, the intercept should represent the sum of the barrier heights between the electrode and blend. Assuming a symmetrical band alignment, this gives 0.325 eV barrier between each electrode and the organic material, which is reasonable for an ohmic contact [28] .
Once again, we observe that P1, P2, and P3 have similar characteristics, while P3HT behaves quite differently. In particular, E g is similar for P1, P2, and P3 (1.45 eV), while E g for P3HT is smaller (1.1 eV). As expected, this is in line with the large intrinsic carrier concentration for P3HT (see Fig. 8 ).
It is worth to underline that these values of blend energy gap do not correspond to the wavelength absorption range shown in Fig. 3 . In fact, the EQE is related to the wavelength absorption of the two polymers constituting the blend, because the excitons Fig. 10 . Band alignment of the active layer of the four devices. The value of the energy gap of the blend was calculated from the intrinsic carrier concentrations reported in Fig. 8 . The donor energy gaps were estimated from the cut-off wavelength of the EQE. ( * ) PC 61 BM gap was calculated from [29] .
are generated inside either the donor or acceptor polymer. From the cut-off wavelength of each EQE of Fig. 3 , we calculated the energy gap of the donor materials, which are also listed in Table III . Assuming that PC 61 BM is characterized by an energy gap of 2.1eV (see [29] ), we are able to draw the band diagram of the blend of each device, depicted in Fig. 10 .
The energy gap of the pristine donor polymers is similar for P1, P2, and P3, while for P3HT it is wider. This is in agreement with the lower generation capability of P3HT compared with the other materials.
A last consideration about the band alignment in P1, P2, and P3 is worth to be done. In fact, the difference between LUMO levels (ΔE in Fig. 10 ) of P3 and PC 61 BM might contribute to explain the low separation capability of the device. In fact, among P1, P2, and P3, that are similar to each other, P3 has the lowest ΔE < 0.3 eV, which is the range of the typical barrier value for an ohmic contact [28] . Ideally, when a polaron pair is generated, the electron in the acceptor material should be blocked by the presence of a high barrier ΔE with the donor phase. In P3, this barrier is smaller and some electrons may jump back into the donor material. This might lead to the conversion of the polaron pairs into excitons, reducing the effective separation probability. Even though the Langevin recombination coefficient and the blend morphology are the factors that mostly influence the FF of the corresponding devices, ΔE may also play a role in reducing P SEP .
V. CONCLUSION
In this paper, we analyzed several bulk heterojunction solar cells based on four different donor polymers (P1, P2, P3, and P3HT) and PC 61 BM as acceptor. On each device, we performed J-V, EQE, and OCVD measurements. We developed and applied a model to explain the OCVD measurements. This gave us information about the recombination mechanisms inside the active layer and about the band diagram of the OSC blend.
By analyzing and comparing the data obtained by the OCVD and the standard measurements for the four polymers, we identified the main limiting factors behind the low performances of some devices. For instance, among the analyzed polymers, we found that P1, P2, and P3-based devices have similar photovoltaic properties, better than P3HT. Interestingly, using J-V and EQE measurements we found that, for the P3-based device, the generation capability is very high, even though the polaron pair separation probability is relatively low. Using our OCVD model, we mainly related this to the high Langevin recombination coefficient and, to a lesser degree, to a nonoptimal energy band alignment of the polymers in the blend.
VI. APPENDIX
A. Braun-Onsager Model Description
The Braun-Onsager theory gives an approximation for the value of the polaron pair separation rate k SEP . It depends on the electric field (E) as reported in [7] the following:
Here J 1 is the first-order Bessel function, while k SEP0 = k SEP (0) is the separation rate at zero field and it is expressed by the following relation:
In this expression, q is the elementary charge, k is the Boltzmann constant, ε = ε r ε 0 is the dielectric permittivity (ε r = 3, ε 0 is the vacuum permittivity), T is the temperature, γ is the Langevin recombination coefficient inside the active layer, a is the polaron pair distance, and ΔE = q/(4πεa) is the exciton activation energy.
In (11) , b is a variable, linearly dependent on the electric field magnitude and its expression is the following:
B. Fitting Procedure
The parameters extraction from J-V and OCVD curves has been done as follows:
1) Thanks to the photocurrent model presented in [11] , and by applying the Braun-Onsager theory, we estimated the ratio k R = k REC /k SEP0 and G from the J-V curves. For instance, the value of k REC /k SEP in P3HT ranges from 0.47 (V = V OC ) to 0.28 (V = 0 V). Correspondingly, P SEP changes from 66% (V = V OC ) to 78% (V = 0 V). Similar values have been found for the other devices. Since the P SEP variation is small, for simplicity, we considered P SEP constant and equal to the value measured when V = V OC , i.e., when the electric field E is roughly zero. 2) From the initial part of the OCVD, we estimated the value of γ and n i by substituting (8) in (4) and performing a least square regression of the experimental data.
3) Knowing γ, we calculated k SEP0 , using (12) and assuming the polaron pair distance a = 1.3 nm (as reported in [30] ). From k S E P 0 and k R , we extrapolated k REC . We verified that both these values are in the range of 10 6 s −1 for all polymers. This confirms the assumption that the polaron pairs concentration X vanishes in 1 μs, in agreement with the analysis done in [16] . 4) From the temperature dependence of n i , the equivalent energy gap of the blend was calculated by using the following relation:
where N C represents the effective density of states. 5) From the last part of the OCVD curves, we extrapolated the lifetime τ using (9).
